Aerolysins are virulence factors belonging to the b pore-forming toxin (b-PFT) superfamily that are abundantly distributed in bacteria. More rarely, b-PFTs have been described in eukaryotic organisms. Recently, we identified a putative cytolytic protein in the snail, Biomphalaria glabrata, whose primary structural features suggest that it could belong to this b-PFT superfamily. In the present paper, we report the molecular cloning and functional characterization of this protein, which we call Biomphalysin, and demonstrate that it is indeed a new eukaryotic b-PFT. We show that, despite weak sequence similarities with aerolysins, Biomphalysin shares a common architecture with proteins belonging to this superfamily. A phylogenetic approach revealed that the gene encoding Biomphalysin could have resulted from horizontal transfer. Its expression is restricted to immune-competent cells and is not induced by parasite challenge. Recombinant Biomphalysin showed hemolytic activity that was greatly enhanced by the plasma compartment of B. glabrata. We further demonstrated that Biomphalysin with plasma is highly toxic toward Schistosoma mansoni sporocysts. Using in vitro binding assays in conjunction with Western blot and immunocytochemistry analyses, we also showed that Biomphalysin binds to parasite membranes. Finally, we showed that, in contrast to what has been reported for most other members of the family, lytic activity of Biomphalysin is not dependent on proteolytic processing. These results provide the first functional description of a mollusk immune effector protein involved in killing S. mansoni. 
Introduction
Schistosomiasis, or bilharzia, is a tropical disease caused by worms of the genus Schistosoma. The main disease-causing species are Schistosoma haematobium, Schistosoma japonicum, and Schistosoma mansoni. An estimated 200 million people in 74 countries suffer from schistosomiasis [1, 2] . The World Health Organization expert committee (WHO Technical Report Series 912: prevention and control of schistosomiasis and soil transmitted helminthiasis (WHO, Geneva, 2002)) concluded that yearly deaths could be as high as 200,000 making schistosomiasis the most severe tropical disease after malaria in terms of mortality [1] . No vaccines are yet available to fight S. mansoni, and current chemotherapy relies on a single drug, praziquantel, for which resistant cases have been reported [1, 2] .
The life cycle of the parasite requires contamination of surface water by excrement, specific freshwater snails as intermediate hosts, and human-to-water contact. Because of their medical and epidemiological importance as intermediate hosts for Schistosoma parasites, freshwater snails of the Biomphalaria genus have garnered considerable research attention. Given the limited options for treating S. mansoni infections, a better understanding of the immunobiological interactions between the invertebrate host Biomphalaria glabrata and its parasite S. mansoni could be invaluable in developing new strategies for preventing and/or controlling Schistosomiasis diseases.
A number of studies published over the last two decades have contributed greatly to our understanding of B. glabrata innate immune mechanisms involved in the defense against pathogens. The discovery of recognition molecules such as lectins contributed to a better understanding of the mechanisms involved in pathogen recognition. Among this family of recognition molecules, the discovery of the somatically diversified FREPs (fibrinogen-related proteins) was an important advance in elucidating the immunerecognition step [3, 4] . Recently, FREPs were shown to play a crucial role in the fate of the interaction between B. glabrata and its trematode parasites [5] . A recent study described the putative involvement of the cytokine-like molecule, BgMIF (B. glabrata macrophage migration inhibitory factor) in the anti-parasite response of B. glabrata [6] . A number of studies have analyzed the response of B. glabrata to different immune challenges, allowing the identification of numerous putative immune genes that could play a key role in B. glabrata immune processes [7, 8, 9, 10, 11, 12] . Other studies based on comparisons of resistant and susceptible strains of B. glabrata to different trematode species from Schistosoma and Echinostoma genera [13, 14, 15, 16, 17] have also made a large contribution to the identification of factors putatively involved in the success or failure of parasite infection. Still other studies have explored mechanisms underlying compatibility polymorphism characteristics in certain B. glabrata/S. mansoni populations [18, 19, 20, 21] . These latter studies allowed the identification of two repertoires of polymorphic and/or diversified molecules that were shown to interact: the parasite antigens SmPoMucs (S. mansoni polymorphic mucins) and B. glabrata FREP immune receptors. The interaction profile of these molecules defines the compatible/incompatible status of a specific snail/schistosome combination (for a recent review, see [22] ). Studies specifically dedicated to immune effectors have clearly demonstrated that B. glabrata production of reactive oxygen species (ROS), particularly H 2 O 2 , plays a crucial role in anti-schistosome defense [23, 24] . Moreover, hemocytes from S. mansoni-resistant snails have been shown to generate significantly more ROS than susceptible snails [25, 26, 27] , and a reciprocal co-evolution has been demonstrated between ROS and ROS scavengers produced by sympatric populations of B. glabrata and S. mansoni [28] . Additional B. glabrata putative immune effectors have been identified, including LBP (lipopolysaccharide-binding protein) and BPI (bactericidal/permeability-increasing protein) [8, 29] , and antimicrobial peptides [29] , but their functions remain to be determined.
Using an interactome approach employing B. glabrata plasma and S. mansoni primary sporocyst extracts, we recently identified a new, putative cytolytic protein from B. glabrata that displays similarities to members of the b-PFT superfamily known to form channels in targeted membranes [30] . The most studied members of this superfamily are the aerolysin toxins secreted by several Aeromonas spp. [31, 32] . Other members of this b-PFT superfamily include the a-toxin produced by Clostridium septicum [33] , the etoxin from Clostridium perfringens [34] , the MTX (mosquito toxin)-type proteins secreted by Bacillus sphaericus [35] , parasporin 2 and 4 from Bacillus thuringiensis [36, 37] , monalysin from Pseudomonas entomophila [38] , and the vibrioaerolysin of Vibrio splendidus [39] .
Most of these proteins are produced by bacteria, as confirmed by a recent bioinformatic analysis of protein database entries displaying an aerolysin signature, which revealed that 70% of the putative bPFTs identified came from bacteria [40] . These b-PFTs are most often produced by pathogenic bacteria. Several functional studies have clearly documented their virulence and mode of action (for a review, see [41, 42] ). As an example, the entomopathogen Pseudomonas entomophila produces an aerolysin-like toxin that triggers the cytolysis and rupture of the drosophila intestinal epithelial barrier [38] . Other b-PFTs specifically target immunecompetent cells, inducing their death [43, 44] .
Some b-PFTs have also been identified in eukaryotic multicellular organisms, both animals and plants, but few have been characterized functionally. Hydra viridissima secretes different hydralysins that may be involved in protecting against predators or killing prey [45] . The seeds of Enterolobium contortisiliquum produce enterolobin, a pro-inflammatory protein that may protect against herbivore grazing [46, 47] . In cases in which the function of these eukaryotic b-PFTs was investigated, they were shown to share the same mode of action as their prokaryotic counterparts [48] . These b-PFTs, which are secreted as a soluble, inactive precursor called a protoxin, bind with high affinity to the glycosyl anchor of glycosylphosphatidyl inositol (GPI)-anchored proteins located on the surface membrane of target cells [49] . Some, including the aerolysins, show an affinity for carbohydrates, whereas others such as clostridium a-toxin lack this property [50, 51, 52] . This property of aerolysins is linked to their bilobal shape (for a review, see [42] ): the large lobe common to all b-PFTs is involved in either oligomerization or binding to a GPI-anchored receptor, and the second smaller lobe contains a carbohydratebinding domain. After binding to their ligand, all b-PFT protoxins oligomerize to form a ring-shaped heptameric channel [53, 54, 55] . Subsequent formation of a pore in the membrane requires an extracellular processing step that removes about forty amino acids of the aerolysin C-terminal region [56] . This last activation step can be achieved by pathogen proteases as well as by proteases from the host [38, 49, 57, 58] .
Here, we report the cloning and characterization of a new b-PFT, which we have named Biomphalysin because it is produced by the Biomphalaria species, B. glabrata. This protein is the first cytolytic b-PFT protein from a mollusk to be characterized.
Methods

Ethics statement
Our laboratory holds permit #A66040 for experiments on animals from both the French Ministry of Agriculture and Fisheries, and the French Ministry of National Education, Research, and Technology. The housing, breeding, and care of animals utilized here followed the ethical requirements of our country. The experimenter also possesses an official certificate for animal experimentation from both French ministries (Decree #87-848, October 19, 1987) . Animal experimentation followed the guidelines of the CNRS (Centre National de la Recherche Scientifique). The protocols used in this study have been approved by the French veterinary agency from the DRAAF LanguedocRoussillon (Direction Régionale de l'Alimentation, de l'Agriculture et de la Forêt), Montpellier, France (Authorization #007083).
Biological material and parasite challenge B. glabrata and S. mansoni originated from Brazil and have been maintained in the laboratory for several years [59] . The parasite strain was maintained in hamsters (Mesocricetus auratus), as described previously [60] . Parasite recovery was conducted as follows:
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Rodent livers were collected in sterile saline solution (150 mM NaCl) containing an antibiotic/antimycotic mixture (penicillin 100 units/ml, streptomycin 0.1 mg/ml, amphotericin B 0.25 mg/ml; Sigma). After grinding, parasite eggs were filtered and washed. Miracidia were hatched from eggs in sterile water and concentrated by sedimentation on ice for 1 h. Primary sporocysts for tests of Biomphalysin antischistosomal activity were obtained by transferring miracidia to Chernin's balanced salt solution (CBSS) and maintaining at 26uC under normoxic conditions for 24 h [61] . The Bge cell line (ATCC, CRL 1494), derived from B. glabrata, was grown at 26uC under normoxic conditions in complete Bge medium, as described previously [62] .
For parasite challenge, infestation experiments were performed on juvenile B. glabrata (5-6 mm in diameter). Snails were individually exposed to 10 miracidia of S. mansoni in 5 ml of pond water. The infectivity of the miracidia was confirmed by exposing additional snails to parasites at the same time and dissecting them at 15 d post-exposure. All groups were treated in the same manner and at the same time. Seven snails were collected at each point in challenge and control kinetics experiments. All experiments reported in the present study were repeated at least two times.
and 39 rapid amplification of cDNA ends (RACE)
Total RNA was extracted from a pool of ten snails using TRIzol reagent according to the manufacturer's instructions (Invitrogen). Full-length Biomphalysin cDNA was obtained by performing 59 and 39 RACE polymerase chain reactions (PCRs) using the GeneRacer kit, as described by the manufacturer (Invitrogen). Briefly, 5 mg of total RNA were treated with calf intestinal phosphatase to remove the 59 phosphates. After phenol extraction, dephosphorylated RNA was decapped with a tobacco acid pyrophosphatase treatment. The GeneRacer RNA oligo provided by the manufacturer was ligated to the 59end of the mRNA using T4 RNA ligase. Reverse transcription was performed using SuperScript III reverse transcriptase and GeneRacer Oligo dT primer. Primers for 59 (59-GGC TGG CTT AGT GCA TCT TGC GCT CT-39) and 39 (59-GCT GTC AAC GAT ACG CTA CGT AAC G-39) RACE were designed from a contig obtained by the assembly of B. glabrata expressed sequence tags (ESTs) identified by MASCOT analysis [30] . The amplification cycling conditions for both consisted of an initial denaturation step at 95uC for 5 min followed by 35 cycles of 30 s denaturation at 95uC, 30 s annealing at 55uC and 5 min extension at 68uC, followed by a final extension at 68uC for 10 min. Advantage 2 PCR enzyme (Clontech) was used in PCR reactions. RACE PCR products were analyzed by agarose gel electrophoresis and cloned into the pCR4-TOPO vector according to the manufacturer's instructions (Invitrogen). Clones were then sequenced using GATC facilities (GATC Biotech, Germany).
Semi-quantitative RT-PCR
The tissue distribution of Biomphalysin mRNA was analyzed by preparing samples of albumen gland, head-foot, hepato-pancreas, and ovotestis, collected from ten snails under a binocular dissection microscope. Hemocytes from fifty snails were also collected from hemolymph after centrifugation at 100006g for 10 min at 4uC. Total RNA from these different tissues, hemocytes, and Bge cells was extracted using TRIzol Reagent solution (Invitrogen) according to the manufacturer's protocol. Then, total RNA (10 mg) was treated with rDnase I (1 U/mg DNA; Ambion) to remove contaminating genomic DNA. cDNA was synthesized from DNA-free RNA (1 mg) by reverse transcription (RT) using random hexamer primers and Revertaid H minus M-MuLV reverse transcriptase (Fermentas). The absence of contaminating genomic DNA was confirmed using PCR primers (forward: 59-CCC ATC TAT TGT TGG CAG ACC-39, reverse: 59-GTT TAG AGG TGC CTC TGT GAG-39) for the actin gene (accession number U53348.1) designed to anneal to two different exons. Biomphalysin gene expression analyses were performed using primers allowing full-length cDNA amplification (forward: 59-GGC TTA TAT TGC AGA AAA TGT TTT TA-39, reverse: 59-CTC TGA CAC AAT CAA GAC AAC AAG-39). Semiquantitative RT-PCR conditions were 94uC for 5 min followed by 32 cycles of 94uC for 30 s, 50uC for 30 s, 72uC for 1 min 30 s, and a final 5-min extension step at 72uC. PCR products were separated by electrophoresis on 2% agarose gels and cloned into pCR4-TOPO for subsequent sequencing.
Real-time quantitative PCR
Total RNA was extracted either from a pool of seven snails or from Bge cells using TRIzol reagent. Reverse transcription was performed as described previously [21] . Real-time quantitative PCR (Q-PCR) was performed on cDNAs (diluted 50-fold with nuclease-free water) using the Light Cycler System 480 (Roche, Idaho Technologies). Sequences of primers used for amplification of Biomphalysin (forward: 59-CTG ATT ACA CCT GGG C-39, reverse: 59-ACC CTT TCG TCC CAT AC-39) and ribosomal protein S19 (forward: 59TTC TGT TGC TCG CCA C, reverse: 59-CCT GTA TTT GCA TCC TGT T-39) were designed using LightCycler Probe Design software version 1.0 (Roche Diagnostics). Q-PCR reactions were performed according to the Light Cycler procedure. Amplification conditions were as follows: 20 s denaturation at 95uC followed by 40 cycles of 5 s at 95uC, 7 s at 60uC, and 12 s at 72uC. After amplification, the specificity of PCR products was determined by analyzing melting curves, acquired by heating the product at 95uC, cooling at 70uC for 20 s, and then slowly remelting (0.31uC/s) up to 95uC. Each PCR product was verified by sequencing. The results of melting curve analyses were quantified by determining the crossing-point value (Cp) using the second derivative maximum method of the Light Cycler Software 3.3 (Roche Diagnostics). Expression data were normalized to ribosomal protein S19 (accession number CK988928) levels [29] . The Biomphalysin-to-S19 transcription ratio was calculated using the relative quantification analysis module of the LightCycler 480 software. All Q-PCR experiments reported in the present study were repeated at least three times.
Recombinant Biomphalysin production
A Biomphalysin cDNA lacking nucleotides encoding the signal peptide was amplified from the full-length gene by PCR using the primers, 59-CGC TTA ATT AAA CAT ATG ACC CAA TGC ACC TAT TCC-39 (forward) and 59-TTA GTT AGT TAC CGG ATC CCT TAC TAG ACT TTC ACT TC-39 (reverse), and subsequently cloned into the RTS pIVEX 1.4 Wheat Germ His 6 -tag Vector (5 Prime) using the In-Fusion HD Cloning Kit (Clontech), as described by the manufacturer. The expression vector was transformed into Stellar competent cells (Clontech), amplified by bacterial culture, and then purified using the Qiagen Plasmid Plus kit. The Biomphalysin protein was expressed in vitro as an N-terminal His 6 -tagged protein using the Rapid Translation System (RTS; 5 Prime), according the manufacturer's instructions. Briefly, 60 mg of expression vector were used per reaction of the RTS 500 Wheat Germ CECF Kit. The reaction was performed in the RTS ProteoMaster instrument by incubating at a temperature of 24uC for 2 h with shaking (900 rpm); the yield of N-terminal His 6 -tagged Biomphalysin was approximately 100 mg/reaction. Recombinant protein production efficiency was evaluated by Western blot analysis. Total protein extract was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12% gels and electrophoretically transferred onto a nitrocellulose membrane. The membrane was blocked by incubating for 3 h at room temperature in 4% non-fat dried milk in TBS (Tris-buffered saline)/0.05% Tween. The blot was subsequently incubated overnight at 4uC with anti-His antibody (Invitrogen) diluted 1:5000 in 4% non-fat dried milk in TBS/ 0.05% Tween-20. The blot was washed three times with TBS/ 0.05% Tween-20 and incubated at room temperature for 1.5 h with anti-mouse antibody (diluted 1:5000 in 16 phosphatebuffered saline [PBS], 4% milk, and 0.05% Tween-20), washed again with TBS/0.05% Tween-20, and then developed by incubating with an enhanced chemiluminescence (ECL) substrate (Pierce) followed by autoradiography. In order to determine rBiomphalysin concentration, several volumes (0.5 ml, 1 ml and 5 ml) of wheat germ extracts (WGE) containing or not rBiomphalysin were run on 12% SDS-PAGE, with a range of known amounts of bovine serum albumin (BSA, from 50 ng to 600 ng). The gel was subsequently stained with Coomassie blue using standard protocols [63] . rBiomphalysin concentration was assessed after separation and staining by densitometry analysis of the corresponding band. Briefly, the gel was scanned and digitized using a GS 800 calibrated densitometer (Bio Rad). rBiomphalysin and BSA colorations were estimated using the software Quantity One 1-D Analysis Software 4.6. As Coomassie blue only colors aromatic and basic amino acids which number vary between proteins, we verified the amount of basic and/or aromatic residues in both compared proteins. BSA and rBiomphalysin contain 598 and 607 amino acids and they display 157 and 154 basic and/or aromatic residues, respectively. Among them, BSA contains 17% of basic residues and 12% of aromatic residues and rBiomphalysin contains 13% of basic residues and 13% of aromatic residues. These close values allowed us to estimate the concentration of rBiomphalysin in WGE using the standard curve obtained with the different BSA amounts. This estimation is 90 ng of rBiomphalysin per ml of WGE.
Hemolytic assay
Hemolytic assays were performed according to a previously described procedure [64] . Briefly, different amounts of crude recombinant Biomphalysin (0.61-500 nM; total volume, 20 ml) were mixed with a 3% suspension of sheep erythrocytes (120 ml) and B. glabrata plasma or PBS (40 ml), and incubated overnight at 37uC with gentle agitation. After a 2-min centrifugation at 5006g, the supernatants were collected and their absorbance was measured at 405 nm (AD 340; Beckman Coulter). Percent hemolysis was calculated according to the equation, 1006(A 405 sample2A 405 negative control)/(A 405 positive control2A 405 negative control), where negative control corresponds to the same amount of RTS 500 reaction performed using empty pIVEX 1.4 vector (i.e. without the Biomphalysin gene) and positive control corresponds to total lysis caused by a nonionic surfactant (20 ml of 10% Triton X-100 in PBS in place of recombinant protein).
Cytotoxicity of Biomphalysin toward S. mansoni sporocysts
Primary sporocysts (Sp1) were obtained by in vitro transformation of 400 miracidia and then were exposed to rBiomphalysin (30 nM) with or without ultracentrifuged B. glabrata plasma (40 ml in a 200 ml reaction volume). Ultracentrifugation step (30,000 rpm, 3 h, 4uC) is used to remove free haemoglobin from plasma. Cytotoxicity was determined by direct light microscopic observations of (i) vacuolization, (ii) focal lysis of the tegumental matrix and/ or underlying muscle fibers, and (iii) mortality. Primary sporocysts were considered dead if they failed to exhibit motility and/or beating of flame-cell flagella. Experiments were conducted in duplicate on 12-well plates using 25 sporocysts per well. KaplanMeier survival analyses followed by pairwise log-rank tests were used to compare survival data, as described previously [65] .
Immunocytochemical detection of Biomphalysin on S. mansoni sporocysts
One hundred sporocysts were incubated with 40 ml of WGE with rBiomphalysin protein (,60 nM) or WGE for 1 h in the presence or absence of B. glabrata plasma. Then, sporocysts were rinsed and fixed by incubating with 4% paraformaldehyde in PBS for 1 h at room temperature. Afterwards, parasites were rinsed with PBS and centrifuged (1 min, 8006g) onto poly-D-Lysinecoated slides (CultureSlides; BD Falcon). Slides were blocked by incubating with PBS containing 3% bovine serum albumen (BSA) for 2 h at room temperature. Parasites were then incubated for 90 min with an anti-His antibody diluted 1:500 (Life Technologies). After being washed three times in PBS, parasites were incubated with an Alexa Flour 594-conjugated anti-mouse IgG (Life Technologies) diluted 1:1000 in PBS/1% BSA for 45 min at room temperature. After rinsing, slides were mounted in Dako fluorescent mounting medium (Dako) and examined using a fluorescence confocal laser-scanning microscope (Zeiss LSM 700, Tecnoviv platform). All images were acquired under the same conditions (636, 1.40 oil DIC M27, pinhole 1.00 [arbitrary units], 8-bit sampling, average of 4 frames at 140061400 pixels). The resolution obtained was 13,778 pixels/mm. For presentation, images were imported into ImageJ software.
Detection of Biomphalysin on S. mansoni sporocysts by in vitro binding assay
Fifty sporocysts were recovered from cell culture plates after a 6-h incubation at 27uC in the presence or absence of B. glabrata plasma, with or without crude recombinant protein at the same concentration used for immunocytochemistry. Sporocysts were centrifuged for 5 min at 6006g and washed three times with CBSS medium. The recovered sporocyst pellets were subsequently denaturated by incubating for 10 min at 80uC in Laemmli buffer (Laemmli, 1970) . The entire sample was resolved by SDS-PAGE on a 10% gel and treated as described previously.
Bioinformatic analysis
The presence of a signal peptide was determined by a primary structure analysis performed using SignalP 3.0. Potential glycosylation sites were predicted using NetNglyc 1.0 and NetOGlyc 3.1 (http://www.cbs.dtu.dk/services/). Protein domain searches were performed using SMART (http://smart.embl-heidelberg.de/) and Motif Scan (http://hits.isb-sib.ch/cgi-bin/PFSCAN) software. ahelical and b-sheet regions were identified by secondary structure prediction using Jpred3 and HHpred servers (http://toolkit. tuebingen.mpg.de/hhpred). Sequences were searched for putative transmembrane domains (TMDs) using the PRED-TMBB server [66, 67] .
Prediction of Biomphalysin three-dimensional (3D) structure and alignment with the crystal structure of proaerolysin were performed using I Tasser and TM-align servers [68, 69] . The 3D structure was obtained by multiple threading using the I-Tasser server (available online), which combines two protein structure prediction methods: threading and ab initio prediction [70] . The quality of the computed model was estimated by the C-score (Confidence score). C-scores are typically in the range of 25 to 2, where a high C-score signifies a model with a high confidence; Clostridium botulinum, C6DXY7; Shewanella baltica, A3D2W6; Vibrio sp., A8T2E9; A. hydrophila, Q8RN77; Triticum aestivum, Q4JEV5; E. contortisiliquum, P81007; Pseudomonas aeruginosa, P14608; Laetiporus sulphureus, Q7Z8V0; H. viridissima, Q564A5; Lysinibacillus sphaericus, Q45471; B. thuringiensis, Q45729. The TMD, outlined in black, was predicted using the PRED-TMBB server (PREDiction of TransMembrane Beta Barrels proteins). The TMD is flanked by two hydrophilic regions; serine and threonine residues in these regions are shown in red. Hydrophobic residues (valine, leucine, isoleucine, and alanine) are shown in yellow. The putative TMD defined according to [40] is boxed. A hydropathy plot of the predicted TMD, according the hydrophobicity scale of Kyte and Doolittle [85] , is indicated above the amino acid sequence. doi:10.1371/journal.ppat.1003216.g002 models with a C-score greater than 21.5 are predictive of correct folding. We obtained a C-score of 20.5 for Biomphalysin protein and 1.5 for its aerolysin domain, values that satisfy this acceptability criterion. Structural similarities between the functional domain of aerolysin and Biomphalysin were determined by calculating a TM-score. A TM-score greater than 0.5 reveals significant alignment, whereas a TM-score less than 0.17 indicates random similarity.
Phylogenetic analysis
To investigate the phylogenetic position of Biomphalysin, we retrieved sequences of aerolysin homologues from a recent study [71] . Forty-seven sequences (Table 1 ) from organisms belonging to animal, plant, fungi, and bacterial kingdoms were used to construct a phylogenetic tree. Selected sequences were then aligned using the MUSCLE algorithm implemented in CLC Sequence DNA Workbench 6.6.2 software (CLC bio). Poorly aligned regions were trimmed using trimAl v1.4 with automated1 option [72] . Phylogenetic analyses were performed using Bayesian and maximum-likelihood (ML) inferences. ProtTest v3.2 was used to select the model of protein evolution (amino acids substitution) that best fit the multiple sequence alignment [73] . The WAG+F model was selected. A Bayesian analysis was performed using MrBayes 3.2.1 [74] with 1,500,000 generations. We estimated that the analysis reached convergence when the average standard deviation of split frequencies between the two runs was less than 0.01 and the potential scale reduction factor reached 1.0 (burnin = 3750). The robustness of the nodes was evaluated using the Bayesian posterior probabilities. A maximum likelihood analysis was also performed on the same alignment using PhyML 3.0 [75] . The reliability of the nodes was tested using a bootstrap test (100 replicates). Finally, the tree was edited using FigTree v1.3.1 (http://tree.bio.ed.ac.uk).
Accession number
Nucleotide sequence data reported in this paper are available in the GenBank database under the accession number KC012466
Results
Molecular characterization of Biomphalysin
In a previous study designed to characterize the interactome between B. glabrata plasma and S. mansoni primary sporocyst extracts, we identified a partial coding sequence corresponding to a new, putative cytolytic protein from B. glabrata [30] . Because of its similarities to proteins of the b-PFTs superfamily, the corresponding protein was named Biomphalysin. In the present work, we obtained a full-length cDNA clone of Biomphalysin using the RACE method ) and a high proportion of b sheets (31%). Members of the aerolysin-like protein family are virulence factors belonging to the superfamily of b pore-forming toxins produced and secreted predominantly by Gram-positive and -negative bacteria [40, 76] . They exert cytolytic activity triggered by channel formation in target cell membranes through insertion of b-hairpins, which form a b-barrel pore [48] . The formation of this pore requires a proteolytic cleavage event and the presence of the pore-forming transmembrane domain (TMD). Despite the poor level of similarity at the amino acid level, a putative TMD (from His 332 to Tyr 357 ) corresponding to an amphipathic sequence involved in the Figure 5 . Analysis of rBiomphalysin expressed in vitro using wheat germ extracts (RTS 500). A. The amount of rBiomphalysin production was assessed by comparing the RTS 500 His-tagged Biomphalysin reaction (lanes 2 and 4) with 1 and 5 ml of RTS 500 control reactions (lanes 1 and 3) in Coomassie blue-stained, 12% SDS-PAGE gels. Values on the right indicate the masses of the molecular weight markers, whereas the arrow indicates the position of the His-tagged Biomphalysin band (lanes 2 and 4) . B. Western blot analysis of RTS 500 control (lane 1) and Biomphalysin (lane 2) reactions. Five microliters of each reaction were separated by SDS-PAGE on a 12% gel and then electrotransferred onto a nitrocellulose membrane. The membrane was then incubated sequentially with a monoclonal anti-His 6 antibody and a goat anti-mouse IgG, and immunoreactive proteins were visualized by ECL. doi:10.1371/journal.ppat.1003216.g005
formation of membrane-inserted b barrels was clearly identified (Figure 2 ). This membrane-spanning domain was flanked by two hydrophilic regions, a feature shared by members of the aerolysin toxin family, like cnidarian hydralysins [45] , C. perfringens a toxin [77] , and Aeromonas hydrophila proaerolysin [55, 78] . A number of studies have identified several key amino acids that are involved in pore formation through oligomerization of b-PFT or that contribute to cytolytic activity. These critical residues are conserved in the Biomphalysin amino acid sequence, and include His 228 , Asp 235 and Cystein 255 , which play a crucial role in oligomerization of the heptameric ring [79, 80, 81] ; Tryp 466 and Tryp 468 , which are involved in membrane penetration, as evidenced by reduced efficiency of pore formation in proteins mutated at these residues [82] ; and Tryp 420 and His 428 , which are involved in binding of the proaerolysin to its membrane receptor. In addition, as the proaerolysin cytolytic toxin, the Biomphalysin protein displayed two distinct lobes ( Figure 3A) . A 3D alignment of the aerolysin domain of Biomphalysin with the proaerolysin template was performed using I-Tasser and TM-align servers. This latter analysis revealed a high degree of similarity between the two structures (TMscore = 0.92; Figure 3B ). Despite these structural similarities, neither C-type lectin motifs nor a cleavage site were found using motif prediction software [50, 83] . Biomphalysin displays a structural feature that distinguishes it from other b-PFTs. Indeed, Biomphalysin possesses a second lobe which displays no lectin-like domain as it has been reported for aerolysin [50] .
A phylogenetic tree was subsequently constructed using 46 sequences of aerolysin-like toxins from different kingdoms ( Table I) . As expected, the Biomphalysin sequence in this tree appeared to be closely related to a predicted, uncharacterized protein identified in the cnidarian, N. vectensis (Figure 4) . Curiously, and as also described by another phylogenetic study on b-PFTs [71] , this tree comprises several monophyletic groups that contain both eumetazoa and bacteria. This taxonomic distribution suggests that the Biomphalysin gene was probably horizontally transferred several times from bacteria to eumetazoa.
Together, these data strongly suggest that Biomphalysin could be a cytolytic protein related to the b-PFT superfamily.
Biomphalysin hemolytic activity
Most aerolysins characterized to date display potent hemolytic activity. In order to investigate the cytolytic capacity of Biomphalysin, we produced a recombinant protein flanked by an N-terminal hexa-histidine tag. We encountered some difficulties in producing recombinant Biomphalysin (rBiomphalysin) in our bacteria system. We tested different bacterial strains, including Escherichia coli BL21 (DE3); BL21 (DE3) pLysE; and BL21(DE3) CodonPlus, Rosetta (with and without classical chaperone expression.). With most of these systems, we obtained a low production level or a cleaved protein (data not shown). Consequently, we decided to produce the rBiomphalysin using an in vitro recombinant expression system based on wheat germ extract and cell free transcription and translation system (RTS). Expression of the rBiomphalysin was confirmed by Coomassie blue stained SDS-PAGE ( Figure 5A ) and by Western blot using an anti-His antibody ( Figure 5B) that revealed a tagged protein with the expected size. Wheat germ extract containing rBiomphalysin and wheat germ extract alone used as negative control were tested for haemolytic activity toward sheep red blood cells in presence or absence of snail plasma. Hemolysis was observed for the WGE containing rBiomphalysin in presence or in absence of plasma ( Figure 6 ). The rBiomphalysin concentration necessary for 50% lysis (Ha 50 ) under plasma-free conditions was much higher (50 nM) than that required when rBiomphalysin (1 nM) was incubated with ultracentrifuged plasma, suggesting that a cofactor present in plasma enhanced the cytolytic effect of Biomphalysin. Figure 6 . rBiomphalysin hemolytic activity. Different concentrations of rBiomphalysin, prepared by serial dilution of the Biomphalysin RTS 500 reaction, were tested for hemolytic activity towards sheep erythrocytes. The RTS 500 control reaction (WGE) was used as a negative control, and a 10% Triton-X100 solution was used as a positive control. The hemolytic activity of RTS 500 reactions was assessed in the presence or absence of B. glabrata plasma. The hemolytic activity of rBiomphalysin without and with plasma is shown by full and empty squares, respectively; full and empty triangles denote the corresponding activity for the negative control reaction without and with plasma. Hemolytic assay was performed with three replicates and error bars represent SD. doi:10.1371/journal.ppat.1003216.g006 rBiomphalysin anti-schistosomal activity
We next investigated Biomphalysin activity on intra molluscan stages of S. mansoni (primary sporocysts). To accomplish this, we treated an in vitro culture of primary sporocysts with 30 nM rBiomphalysin with or without B. glabrata plasma. Motility and beating of flame-cell flagella were assessed every hour during the first 9 h after initiating treatment to distinguish live and dead parasites. Exposure of sporocysts to B. glabrata plasma alone or WGE (without rBiomphalysin) or both produced no obvious morphological alterations. After 9 h of treatment with any combination of control conditions, a maximum of 20% of sporocysts died ( Figure 7A ). No differences were evident between larvae exposed to rBiomphalysin alone and those in various control groups. However, the combination of rBiomphalysin and B. glabrata plasma clearly enhanced parasite mortality. We found that parasites died faster: 35% (p,0.05, Fisher's exact test) were dead in less than 1 h; at the final time point, 50% of the parasites were dead ( Figure 7A ). The statistical significance of this result was investigated and confirmed using the Kaplan-Meier test (p = 0.004). A microscopic examination of the effects of rBiomphalysin plus B. glabrata plasma revealed severe tegumental alterations of S. mansoni sporocysts, with evidence of swollen cells sprouting from larvae, darkened and granular bodies and, ultimately, parasite disintegration ( Figure 7B ).
Because members of the aerolysin family are known to interact with cell membranes of targeted cells, we assessed binding of rBiomphalysin to sporocysts with or without B. glabrata plasma using in vitro binding assays and analyzed these assays by Western blotting and immunocytochemistry. Immunocytochemistry clearly showed that rBiomphalysin is able to interact with the parasite tegument, an interaction that is not plasma-dependent (Figures 8  and 9 ). In addition, we observed a heterogeneous staining pattern composed of dots or aggregates in the membrane (Figure 8 ) similar to that reported in previous studies on hydralysins [45] and proaerolysin [49] .
Analysis of Biomphalysin mRNA expression and tissue distribution
The tissue-specific expression of Biomphalysin was investigated by RT-PCR using total RNA extracted from the albumen gland, head-foot, hepato-pancreas, ovotestis organs and hemocytes of B. glabrata. b-actin expression was used as a reference. Biomphalysin transcripts were detected only in hemocytes and not in other tissues tested ( Figure 10A ). Interestingly, Biomphalysin was also detected in cells derived from embryos of B. glabrata (Bge cells) maintained in culture. Considering that Bge cells are cultured under aseptic conditions, this latter observation excludes the possibility that Biomphalysin is produced by commensal bacteria present in snail tissues. No size difference was observed between PCR results obtained using genomic DNA or cDNA as a template, indicating that the Biomphalysin gene is intronless. A BLAST search against the Trace Archive Biomphalaria database confirmed the presence of this intronless gene in the snail genome. Considering the suspected anti-schistosomal role of Biomphalysin, we examined whether Biomphalysin expression was modulated by parasite challenge. In these experiments, snails were infected with S. mansoni miracidia and Biomphalysin transcripts were quantified by quantitative RT-PCR at different times following exposure (3, 6, 9, 12, 24, 48 and 96 h) . Bge cells cultivated in the presence of in vitro-transformed sporocysts were also analyzed at the same time points. As shown in Figure 10B , Biomphalysin expression levels did not significantly change after S. mansoni challenge compared with uninfected snails or naive Bge cells. These data indicated that Biomphalysin can be considered an immunity-related gene that is constitutively expressed and is not modulated by S. mansoni challenge.
Discussion
In order to identify molecular determinants that play a key role in the interaction between B. glabrata and S. mansoni, we recently developed an interactome approach that allowed us to discover a factor in B. glabrata plasma related to the b-PFT superfamily. This molecule was found in the precipitate containing various molecules from S. mansoni (SmPoMucs, glycoprotein k, tetraspanin, chaperone stress proteins, anti-oxidant enzymes) and B. glabrata (FREPs, lectin like protein AIF…) [30] . In the present publication, we describe the cloning and functional characterization of this b-PFT of B. glabrata, which we have named Biomphalysin.
The full-length cDNA of Biomphalysin was 1972 bp encoding a 572-amino-acid protein with a molecular weight of approximately 63 kDa. Biomphalysin displays low similarities toward database bPFTs at the primary structure level, but contains an aerolysin domain that is a common core of aerolysin-like b-PFTs [40] . Bioinformatic analysis and protein structure prediction revealed that Biomphalysin contains a large number of b-sheets and has a transmembrane b-barrel domain (Figures 1 and 2) . A structural alignment of the aerolysin domain of Biomphalysin with proaerolysin demonstrates structural equivalence, despite the lack of similarity at the amino acid level. Importantly, in addition to these similarities in 3D structure, several key residues involved in b barrel pore formation or receptor binding are conserved. The aerolysins and related toxin family members can be divided into two groups based on their structural shape. A few b-PFTs have two distinct lobes, whereas others, like a toxin, e toxin and parasporin, have only a single lobe (for a review, see [42] ). The common, larger lobe is involved in oligomerization or binding to GPI-anchored receptors, whereas the second, smaller lobe contains a carbohydrate receptor-binding domain. The Biompha- Figure 8 . Immunolocalization of rBiomphalysin on S. mansoni sporocyst. Sporocysts were treated with rBiomphalysin in presence (A and B) or in absence (C and D) of snail plasma and immunostained using anti-His primary IgG and Alexa Fluor 594-conjugated secondary antibody. Binding of rBiomphalysin to sporocyst membranes was detected by aggregates formation on the parasite tegument in both conditions. Under the same image-acquisition conditions, no signal was detected for the negative control, consisting of incubation of sporocysts with plasma and wheat germ extract alone (E and F). A, C and E represent the image taken under Nomarski light microscopy, whereas B, D and F are the corresponding confocal fluorescent pictures. doi:10.1371/journal.ppat.1003216.g008 lysin smaller lobe, which contains no known domains and displays no identifiable sequence similarities, is an intriguing structure. We postulate that it could be involved in the specificity of Biomphalysin, allowing it to interact with sporocyst antigens or an intermediate molecular partner in B. glabrata plasma. Additional studies will be required to address this hypothesis. Interestingly, the phylogenetic tree of aerolysin-like molecules (Figure 4) suggests that Biomphalysin could have been transferred horizontally from bacteria to B. glabrata. This hypothesis is strengthened by a recent phylogenetic analysis showing that numerous cross-kingdom horizontal transfers occurred for genes encoding aerolysin-like proteins [71] . We showed that the gene encoding Biomphalysin does not possess intronic regions (Figure 10A ), which also argues in favor of a horizontal transfer mechanism. The exclusive expression of Biomphalysin in hemocytes, the immune cells of B. glabrata, consolidates the role of Biomphalysin in immunity. Nevertheless, its expression is constitutive and is not modulated by Schistosome Figure 9 . rBiomphalysin binding to the parasite tegument. In vitro binding assay was performed on primary sporocysts. rBiomphalysin binding to sporocysts membrane was tested in presence or absence of plasma from snail. After incubation, sporocysts were centrifuged, washed in CBSS, and denatured in Laemmli buffer at 80uC for 10 min. Total lysate of sporocysts were separated by SDS-PAGE and analyzed by Western blot with a monoclonal anti-His 6 antibody. doi:10.1371/journal.ppat.1003216.g009 Figure 10 . Biomphalysin mRNA tissue distribution and expression in B. glabrata in response to S. mansoni challenge and in Bge cells in contact with sporocysts. A. Different B. glabrata tissues were analyzed by PCR using primers recognizing full-length Biomphalysin; actin was amplified as an endogenous control. Non-reverse transcribed hemocyte RNA was used as a negative control in PCR. B. Biomphalysin transcripts were quantified by Q-PCR in B. glabrata challenged with S. mansoni for 3, 6, 9, 12, 24, 48 and 96 h and in Bge cells in contact with sporocysts for the same intervals. Biomphalysin mRNA level was normalized to mRNA ribosomal protein S19 transcript abundance using the Roche Applied Science E-method [86] . For graphical representation, the transcription ratio for each challenge was normalized to that obtained for unchallenged snails. Each histogram represents the average value of triplicate experiments 6 SD. doi:10.1371/journal.ppat.1003216.g010 infection. Biomphalysin protein was detected in the plasma of uninfected snails and was shown to interact in vitro with parasite proteins, suggesting a sentinel role in preventing pathogen invasion [30] .
To further characterize Biomphalysin and validate its biological function, we expressed rBiomphalysin using a cell-free protein expression system, a strategy that seems justifiable in view of the lack of predicted glycosylation events during Biomphalysin processing. As described for most toxins related to the aerolysin family, Biomphalysin possessed hemolytic activity. This activity was detectable at 5 nM Biomphalysin and caused complete erythrocyte lysis at a concentration of 90 nM. Surprisingly, coincubation with B. glabrata plasma greatly enhanced the lytic activity of Biomphalysin, enabling 50-fold less recombinant protein to achieve the same activity level. This intriguing result suggests that one or more plasma factors could act on the maturation of Biomphalysin through proteolytic cleavage or by affecting its capacity to bind the target cell membrane. To understand how such cofactor(s) might mediate or enhance Biomphalysin activity, we performed Biomphalysin-sporocyst binding assays in the presence or absence of B. glabrata plasma. Analyses of these assays by Western blotting and immunocytochemistry revealed that Biomphalysin binds to the sporocyst membrane in the absence of plasma; moreover, there was no evidence of any cleavage products (Figures 8 and 9 ). Consistent with this latter observation, an exhaustive analysis of putative cleavage sites failed to detect such a site in the C-terminal region of Biomphalysin. Although the cytolytic effect of most of aerolysin toxins requires proteolytic activation, a similar lack of a proteolytic processing has been previously reported for hydralysin, a cnidarian hemolytic b-PFT [45] . Our results suggest that a plasma factor induces Biomphalysin activity by mediating the conversion of the oligomeric prepore to a functional pore. Thus, this plasma factor could be a chaperone, a type of functional activation that has been described in other models. For example, it has been shown in vitro that the prepore-to-pore transition of anthrax toxin is enhanced by an exogenous chaperone, such as GroEL [84] . We speculate that the small lobe of aerolysin could serve as ''bait'' to recruit the Biomphalysin activity-inducing factor, which remains to be identified. Further investigation is warranted to elucidate the role of the Biomphalysin small lobe.
In conclusion, this report is the first to characterize a mollusk b-PFT that displays antiparasitic activity. This novel b-PFT, which we have named Biomphalysin to reflect its source, shares structural features and activity with aerolysin-like toxins described in numerous bacteria species. The corresponding gene was probably acquired by horizontal transfer, and the cytolytic activity of Biomphalysin is mediated by a plasma factor that remains to be identified.
